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The vast development of palm oil industry in Malaysia has led to many new technologies 
that are more economical yet significant for palm oil mill effluent (POME) management in 
treatment plants. Adsorption process using activated carbon (AC) is one of the popular, 
effective and widely used treatment methods. However, it is limited by the need of 
frequent replacement and disposal due to the saturation of contaminants on its surface. On 
the other hand, photocatalysis process using titanium dioxide (TiO2) is an environmentally 
friendly method in treating wastewaters; however it is restricted by slow reaction rate and 
disintegration of TiO2 powder in water. Therefore, this research aims to develop a novel 
AC/TiO2 hybrid photocatalytic adsorbent (PCA) for POME treatment, which combines AC 
adsorption and TiO2 photocatalysis to prolong the serviceability of AC. In this study, the 
adsorption and photocatalysis processes occur simultaneously, which could be described as 
“capture and destroy” concept. As AC gets saturated over time, the deposited TiO2 
activated by UV illumination oxidizes the adsorbed pollutants on AC surface into CO2 and 
H2O, to regenerate the occupied active sites for further adsorption. Two types of TiO2 
coating solutions, the S-TiO2 sol-gel and hybrid S-TiO2+P25 were prepared as a medium 
for adhesion of TiO2 on AC. P25 is a commercial TiO2 powder to enhance the TiO2 
content in the sol-gel. TiO2 deposition was carried out using simple soaking method and 
calcination to produce three PCAs namely H0 (AC coated with S-TiO2 sol-gel only), H5 
(AC coated with 5% hybrid S-TiO2+P25) and H10 (AC coated with 10% hybrid S-
TiO2+P25). The PCA were characterized for their physical properties such as TiO2 yield 
and surface morphology, as well as their treatment performances. The highest TiO2 yield 
on PCA was achieved for H10 which was 147.25 mg TiO2/g AC, due to high TiO2 P25 
content in the hybrid S-TiO2 coating solution. The photocatalytic degradation batch 
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experiments revealed lower efficiency of PCA as compared to AC at initial stage, of both 
methylene blue (MB) adsorption and POME treatment. This was caused by the deposition 
of TiO2 which had covered some adsorption sites on AC surface; as visualized through 
SEM-EDX images, FTIR spectra and reduction in BET surface area. However, upon UV 
illumination, the removal of MB and POME by PCA were further improved due to 
photocatalytic reaction by TiO2. The photocatalytic degradation of MB and POME using 
PCA were best fitted by the pseudo-first-order kinetic model indicating chemisorption. 
From the life cycle analysis, considering the smaller BET surface area, PCA (H10) showed 
about 10% higher amount of overall COD removed as compared to AC, and improved the 
adsorbent deterioration by one cycle. This implied that TiO2 deposition contributed to the 
cleaning of AC substrate and demonstrated the feasibility to extend the lifespan of AC.  
Overall, H10 PCA has demonstrated the potential of the photocatalytic adsorbent for 
POME treatment; however improvisation on the synthesis technique is required for a better 
sustainability of this wastewater treatment technology. 
Keywords: Sol–gel, photocatalytic adsorbent, life cycle analysis, lifespan extension 
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Rawatan Air Sisa Kilang Minyak Kelapa Sawit Menggunakan Proses Hybrid 
Penjerapan – Fotokatalisis AC/TiO2 
ABSTRAK 
Perkembangan industri minyak sawit yang luas di Malaysia telah membawa kepada 
banyak teknologi baru yang lebih ekonomi lagi signifikan bagi pengurusan air sisa kilang 
minyak sawit (POME) dalam loji rawatan. Proses penjerapan menggunakan karbon 
teraktif (AC) adalah salah satu kaedah rawatan yang popular, berkesan dan digunakan 
secara meluas. Walau bagaimanapun, ia dibatasi oleh keperluan penggantian dan 
pelupusan yang kerap disebabkan pencemar yang tepu di permukaannya. Proses 
fotokatalisis menggunakan titanium dioksida (TiO2) adalah kaedah yang mesra alam 
dalam merawat air sisa; namun ia dihadkan oleh kadar tindak balas yang perlahan dan 
perpecahan serbuk TiO2 dalam air. Oleh itu, penyelidikan ini bertujuan untuk 
menghasilkan penjerap fotokatalik hibrid AC/TiO2 (PCA) untuk rawatan POME, yang 
menggabungkan penjerapan AC dan fotokatalisis TiO2 untuk memanjangkan 
kebolehkerjaan AC. Dalam kajian ini, proses penjerapan dan fotokatalisis berlaku secara 
serentak, yang mudah digambarkan sebagai konsep "menangkap dan memusnahkan". 
Apabila AC menjadi tepu dari masa ke masa, TiO2 yang diaktifkan oleh pencahayaan UV 
mengoksidakan pencemar yang terserap pada permukaan AC menjadi CO2 dan H2O, 
untuk membantu menjana semula laman aktif yang telah tepu untuk penjerapan 
selanjutnya. Dua jenis cecair salutan TiO2; sol-gel S-TiO2 dan S-TiO2+P25 hibrid telah 
dihasilkan sebagai medium untuk lekatan TiO2 pada AC. P25 adalah serbuk TiO2 
komersial untuk meningkatkan kandungan TiO2 dalam sol-gel. Impregnasi TiO2 dilakukan 
dengan menggunakan kaedah rendaman dan kalsinasi untuk menghasilkan tiga PCA iaitu 
H0 (AC bersalut dengan sol-gel S-TiO2 sahaja), H5 (AC disalut dengan 5% S-TiO2+P25 
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hibrid), dan H10 (AC disalut dengan 10% S-TiO2+P25 hibrid). PCA dianalisis untuk sifat 
fizikal seperti hasil TiO2, morfologi permukaan, serta prestasi rawatan mereka. Hasil TiO2 
tertinggi untuk PCA dicapai oleh H10 iaitu 147.25 mg TiO2/g AC, kerana penambahan 
jumlah serbuk P25 yang lebih tinggi dalam cecair S-TiO2 hibrid. Eksperimen kelompok 
penguraian fotokatalitik menunjukkan kecekapan PCA yang lebih rendah daripada AC, 
dalam rawatan metalina biru (MB) dan POME. Ini disebabkan oleh impregnasi TiO2 yang 
menyekat beberapa tapak penjerapan pada permukaan AC, seperti yang digambarkan 
melalui imej SEM. Walau bagaimanapun, dengan pencahayaan UV, penyingkiran MB dan 
POME oleh PCA menjadi bertambah baik disebabkan oleh tindak balas fotokatalik oleh 
TiO2. Dari analisis kitaran hayat, walaupun kawasan permukaan BET yang lebih kecil, 
PCA (H10) menunjukkan kira-kira 10% penyingkiran pencemar keseluruhan COD yang 
lebih tinggi daripada AC, dan kemerosotan fungsi penjerap bertambah baik sebanyak 1 
kitaran. Ini menunjukkan bahawa impregnasi TiO2 menyumbang kepada pembersihan 
permukaan AC dan mempunyai potensi untuk memanjangkan jangka hayat AC. H10 telah 
menunjukkan potensi sebagai penjerap fotokatalitik; namun masih memerlukan 
penambahbaikan dalam teknik sintesis demi kelestarian rawatan POME. 
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1.1 Background of Study 
Being the second largest palm oil producer in the world, palm oil mill effluent 
(POME) is among the major contributor to the pollution of waterways in Malaysia.  There 
are 429 palm oil mills nationwide, generating an average of 0.65 m3 POME from every 
processed ton of fresh fruit bunch (FFB) (MPOB, 2012). Based on the annual production 
of 9,288,000 tons of FFB process in Sarawak, this results in an annual effluent generation 
of 6,037,200 m3. POME is a thick brownish wastewater rich in organic pollutant with 
Chemical Oxygen Demand (COD) of 40,000 – 100,000 mg/L and Biochemical Oxygen 
Demand (BOD) of 25,000 – 65,000 mg/L, which is toxic to aquatic life and consequently 
is urgent to be dealt with before being released (Ng & Cheng, 2015). Detailed organic 
components is not indicated in POME; however bisphenol A (BPA), estradiol, and estrone 
may be present as these endocrine disrupting chemicals (EDCs) are most commonly found 
in the effluent of wastewater treatment plants (Bratovčić, 2019). 
Most palm oil mills in Malaysia are still using the conventional ponding system due 
to its low capital and operating costs. However, the low efficiency of the current treatment 
system has caused some palm oil mills facing difficulty to meet the final discharge 
requirement. The current treated POME quality is likely leading to an adverse impact on 
the receiving waterways. Therefore, there is a need to upgrade the existing POME 
treatment systems, as the treatment via ponding system is land-intensive and requires long 
hydraulic retention time (HRT) (Zainal et al., 2017). 
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Considerable attention has been given to the adsorption technique of water and 
wastewater treatment (Mohammed & Chong, 2014; Jibril et al., 2013; Cecen, 2011). 
Adsorption is a process where a solid is used for removing a soluble substance from the 
water. Carbonaceous material specifically an activated carbon (AC) is generally non-
hazardous, having a porous structure and a large internal surface area, which is able to 
adsorb a wide variety of substances. AC is widely used in many countries for various 
applications ranging from household drinking water systems to wastewater treatment 
systems (Orha et al., 2017). It removes a myriad of organic and inorganic constituents in 
water and has high removal efficiency.  
Adsorption onto AC has been proven to be useful to remove the dissolved and 
difficult-to-decompose organic substances (Olafadehan & Jinadu, 2012). This technique 
does not require much attention during the operation, but it requires frequent replacement 
when it becomes saturated or exhausted. The AC becomes saturated because adsorption is 
a physical process which does not degrade the adsorbed matters. The lifespan of AC is 
dependent on the degree of usage, which is the amount of wastewater treated and the 
concentration of constituents in the wastewater. Large scale treatment application that uses 
reactors utilizes a huge amount of AC in a continuous flow. This, in turn, leads to frequent 
replacement of AC once it losses the effectiveness to remove the constituents in 
wastewater, thus leading to the need to manage the AC solid waste. 
On the other hand, photocatalysis is an environmentally friendly technique as it has 
no chemical input or output, no sludge residue is produced (Kim et al., 2008). This process 
degrades various organics components in aromatic compounds (polycyclic aromatic 
hydrocarbons), pesticides (cholophenols), herbicides (propionic acid, butyric acid, 
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carboxylic acid), and dyes (azo compounds) (Bratovčić, 2019). Titanium dioxide (TiO2) is 
one of the common semiconductor used in photocatalysis for its outstanding properties 
such as cost-effective, good oxidizing behaviour, and proven effective in many studies 
(Wang et al., 2017; Yap et al., 2011). However, the use of TiO2 for photodegradation of 
organic pollutants is limited due to several factors such as non-uniform particle 
distribution, accumulation of nano-sized particles, challenging recovery of nano-sized 
particles and ineffective utilization of visible light (Dong et al., 2015). 
Over the years, researchers have started exploring the feasibility of AC/TiO2 hybrid 
photocatalytic adsorbent (PCA) for various wastewater treatment. Under ultraviolet (UV) 
light, PCA has been proven to be able to enhance the adsorption capacity and boost the 
photocatalytic degradation (Shao et al., 2010; Wang et al., 2007; Janus et al., 2006). 
Besides AC/TiO2, the development of hybrid PCA using various materials have also been 
studied, and have demonstrated excellent performance in various wastewater treatments 
(Cheng et al., 2016; Kebir et al., 2015). 
By combining the adsorption potential of AC with the photocatalytic properties of 
TiO2, it is possible to create a PCA with improved photocatalytic potential. Using AC as 
support of TiO2 leads to faster attraction of contaminants around the catalyst, thus 
enhancing the transfer process and photocatalytic efficiency. The degradation of the 
adsorbed constituents by TiO2 on the AC produces end products of carbon dioxide (CO2), 
water (H2O) and simple mineral acids (Bora & Mewada, 2017) which can “desorb” and 
allow new constituent molecules to be adsorbed on the same AC surface. In other words, 
this allows the same AC surface to adsorb more constituents in wastewater and 
consequently extends the lifespan of the AC.  
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There are several techniques that have been implemented for the TiO2 
immobilization onto solid substrate, such as sulfur-doped titanium dioxide (S-TiO2) sol-gel 
method (Lim et al., 2009), metal organic chemical vapour deposition (El-sheikh & 
Sweileh, 2007), hydrothermal (Liu et al., 2007), impregnation (Tao et al., 2005) and dip 
coating (Jeong et al., 2004). The S-TiO2 sol-gel method is a much simpler and more 
economical process for TiO2 immobilization. Besides that, this method has been proven to 
allow good adhesion and higher deposition of TiO2 onto AC. Lim et al. (2009) also studied 
the production of hybrid S-TiO2 sol-gel by enriching the S-TiO2 with commercial TiO2 
powder, which reported increased photocatalytic activity. 
1.2 Problem Statement  
The use of AC adsorption technique for wastewater treatment is limited by the need 
of the regular replacement and disposal of AC once it is exhausted. This results in higher 
need of AC supply and solid waste generation, especially in the large scale application. 
Meanwhile, photocatalysis process using titanium dioxide (TiO2) is another effective 
method in treating wastewater, however this process is restricted by the slow reaction rate 
and aggregation of TiO2 powder in wastewater (Zaharudin et al., 2016).  Recent studies 
have shifted towards developing hybrid photocatalytic adsorbent (PCA) for various 
wastewater treatment (Cheng et al., 2016; Kebir et al., 2015). The combined process using 
AC and TiO2 has demonstrated effectiveness in degrading pollutants such as propene 
(Ouzzine et al., 2014) and herbicide (Areerachakul et al., 2007). However, limited studies 
have been explored on the feasibility of AC/TiO2 hybrid PCA for POME treatment. 
Besides, not many studies have focused on the potential of hybrid PCA for the recovery 
and extension of the lifespan of AC. Therefore, this study aims to investigate the feasibility 
of developing a novel PCA with combined adsorption - photocatalysis effect for the 
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degradation of organic pollutants in POME, and investigate the sustainability of the PCA 
through life cycle analysis. 
1.3 Hypothesis 
It is hypothesized that by combining the adsorption potential of AC with the 
photocatalytic properties of TiO2, it is possible to create a hybrid photocatalytic adsorbent, 
PCA which would be able to remedy the disadvantages of each technique when operated 
individually; and hence improving the overall pollutant removal efficiency. Besides, by 
integrating TiO2 on AC, it is expected to show a potential to prolong the lifespan of the 
AC. 
1.4 Research Questions 
i. What is the effect of TiO2 deposition on AC onto its physical properties and 
adsorption of COD from POME? 
ii. What is the role of TiO2 in extending the lifespan of AC? 
1.5 Research Objectives 
The objectives of this study are: 
i. To synthesize and characterize PCA prepared using different conditions of S-TiO2 
sol-gel coating. 
ii. To study the adsorption isotherms and kinetics of AC for treating POME. 
iii. To evaluate the treatment efficiency of the produced PCA on POME. 
iv. To investigate the effect of TiO2 deposition on the lifespan of AC. 
 
